steoclast (OC) precursors migrate to putative sites of bone resorption to form functionally active, multinucleated cells. The preOC FLG 29.1 cells, known to be capable of irreversibly differentiating into multinucleated OC-like cells, displayed several features of primary OCs, including expression of specific integrins and the hyaluronan (HA) receptor CD44. OC-like FLG 29.1 cells adhered to and extensively migrated through membranes coated with fibronectin, vitronectin, and laminins, but, although strongly binding to HA, totally failed to move on this substrate. Moreover, soluble HA strongly inhibited OC-like FLG 29.1 cell migration on the permissive matrix substrates, and this behavior was dependent on its engagement with O CD44, as it was fully restored by function-blocking anti-CD44 antibodies. HA did not modulate the cell-substrate binding affinity/avidity nor the expression levels of the corresponding integrins. MMP-9 was the major secreted metalloproteinase used by OC-like FLG 29.1 cells for migration, because this process was strongly inhibited by both TIMP-1 and GM6001, as well as by MMP-9-specific antisense oligonucleotides. After HA binding to CD44, a strong down-regulation of MMP-9 mRNA and protein was detected. These findings highlight a novel role of the HA-CD44 interaction in the context of OC-like cell motility, suggesting that it may act as a stop signal for bone-resorbing cells.
Introduction
Mononuclear osteoclast (OC)* precursors egress from the bloodstream and migrate to the bone surface where they form functionally active multinucleated bone-resorbing cells under the influence of several cytokines, including M-CSF and RANKL (Roodman, 1996; Lacey et al., 1998; Arai et al., 1999; Teitelbaum, 2000) . Once attached to bone, OCs initiate the resorption process through the activation of a complex cascade of morphological and biochemical changes involving expression of adhesion molecules and secretion of proteolytic enzymes. In addition to cathepsin K (Inaoka et al., 1995) , several lines of evidence indicate the critical role of matrix metalloproteinases (MMPs), and in particular, MMP-9 for OC migration and function. MMP-9 has been associated exclusively with OCs among the cells involved in bone formation and resorption in both human (Okada et al., 1995) and rabbit (Tezuka et al., 1994) tissues. In addition, it has proven to be indispensable for the migration of OCs through collagen both in periosteum and developing marrow cavity of primitive long bones (Blavier and Delaisse, 1995; Sato et al., 1998) . Moreover, bone resorption was reduced in mice carrying a mutation in the type-I collagen site targeted by neutral collagenases (Zhao et al., 1999) , and the natural tissue inhibitor of MMP activity, tissue inhibitor of metalloproteinase 1 (TIMP-1), expressed by OCs (Hill et al., 1994) , inhibits bone resorption in organ cultures (Bord et al., 1999) . Finally, the localization of membrane-type 1 MMP in invadopodia and lamellipodia of OCs suggested a role in OC invasion/migration phenomena for this membranebound protease (Sato et al., 1997) .
Coordinated regulation and appropriate site-specific migration and bone adhesion of OCs toward different ECM substrates (such as collagens, fibronectin [FN] , vitronectin [VN] , and laminins [LNs] ) in the spaces surrounding and within the bone matrix are mediated by various receptor systems, including integrins. Among the integrins involved in OC biology and motility, a fundamental role has been recognized for ␣ v ␤ 3, although bone resorption may also be partially inhibited by functional blocking of the ␣ 2 ␤ 1 integrin (Duong et al., 2000) . Another important class of OC adhesion receptors is represented by CD44 (Nakamura and Ozawa, 1996; Kania et al., 1997) . CD44 is a cell surface, single-pass transmembrane part time proteoglycan expressed in a variety of cells of hemopoietic and nonhemopoietic origin (Aruffo, 1996; Naor et al., 1997; Borland et al., 1998; Lesley and Hyman, 1998; Rochman et al., 2000) . The purported functions of CD44 are diverse, but by far the greatest interest in CD44 has been in relation to its function as a receptor for hyaluronan (HA) . HA is a member of the glycosaminoglycan long nonbranching aminosugar polysaccharides that resides and exerts its function primarily within the extracellular space (Lee and Spicer, 2000) , including those immediately surrounding bone matrices (Noonan et al., 1996) . The roles of HA range from a purely structural function to regulation of cell motility and adhesion, as well as receptor-mediated changes in gene expression (Lee and Spicer, 2000) . Experimental evidence indicates that binding of HA to CD44 can also be regulated through glycosylation and a variety of other posttranslational modifications (Bartolazzi et al., 1996) . Furthermore, CD44 engagement can activate several downstream pathways through specific intermediates (Ilangumaran et al., 1999; Mangeat et al., 1999) . The cellular and molecular mechanisms by which integrins contribute to cell migration processes have been extensively established (Holly et al., 2000) ; however, although the dependence of cell motility on CD44 has been demonstrated in several in vitro models (Thomas et al., 1993; Okada et al., 1996; Trochon et al., 1996; Ladeda et al., 1998; Okamoto et al., 1999; Kajita et al., 2001) , the regulation of CD44-mediated motility has been less thoroughly investigated.
The human continuous cell line (FLG 29 .1) of bone marrow-derived preosteoclast (preOC) cells provides a valuable model to investigate specific aspects of OC biology (Gattei et al., 1992) . FLG 29.1 preOC cells can be ir- Lysates from preOC (lane 1) and OC-like (lane 2) cells were resolved on an 8% SDS-PAGE, transferred to nitrocellulose filters, and probed with anti-CD44 pAbs. (C) RT-PCR analysis of the expression of CD44 alternatively spliced exons in OC-like FLG 29.1 cells. Amplified products were run on a 1.5% agarose gel (top), blotted onto nylon membranes, and hybridized with a probe chosen to recognize sequences within exon 5 (bottom). Negative control (Ϫ) was done by omitting cDNA. Asterisks indicate DNA markers.
reversibly induced to differentiate into adherent, nondividing multinucleated OC-like cells displaying several features of primary OCs, including a specific immunophenotypic profile, tartrate-resistant acid phosphatase, and calcitonin and estrogens receptors, as well as the capability to degrade bone (Fiorelli et al., 1994 (Fiorelli et al., , 1995 Gattei et al., 1996) . Using these cells, we demonstrate a new role for the CD44-HA interaction in the regulation of cell migration. Engagement of CD44 by its specific ligand HA significantly impairs the migration of OC-like FLG 29.1 cells toward several ECM substrates by down-regulating the production of the locomotion-associated protease MMP-9. According to this in vitro model, the CD44-HA interaction may represent a novel motility stop signal that could also play a role in vivo to counterbalance the invasive activity exhibited by OC cells to gain access to and for anchorage at the bone surface.
Results

Integrin expression by OC-like FLG 29.1 cells
In agreement with data obtained on primary OCs (Kania et al., 1997) , the acquisition by FLG 29.1 cells of the OC-like phenotype was associated with an up-regulation of the constitutively expressed ␤ 1, ␣ v, and ␣ 5 integrin chains, and a de novo expression of ␣ v ␤ 3, ␤ 3, and ␣ 3 integrins (Fig. 1 A) . Moreover, independently of the differentiation status, FLG 29.1 cells transcribed mRNA for both ␣ 8 and ␣ 9 integrin subunits (unpublished data), whereas they did not express selectins, ␤ 2 family integrins, ␤ 5, ␤ 7, ␣ 1, ␣ 2, ␣ 4, and ␣ 6 integrin subunits (unpublished data).
CD44 expression by OC-like FLG 29.1 cells CD44, undetectable in preOC FLG 29.1 cells, was strikingly induced in a time-dependent manner upon OC-like differentiation ( Fig. 1 B, left) . Immunoblotting of cell lysates were in full accord with flow cytometry data and indicated no expression of CD44 in preOC cells and expression of the standard hemopoietic CD44 form in OC-like cells ( Fig. 1 B, right) . Only upon long exposures, very faint higher M r bands were visible in OC-like cells, suggesting that variants including additional exons could be expressed at very low levels. Consistently, as analyzed by RT-PCR, only low amounts of standard CD44 mRNAs were detected in preOC cells. Transcripts of this isoform were increased in OC-like FLG 29.1 cells, along with those corresponding to CD44v6 and CD44v8-10 alternatively spliced variants (Fig. 1 C) .
Cell adhesion to ECM substrates
PreOC FLG 29.1 cells bound in a cation-dependent manner to FN and to VN, but not to fibrinogen, type I collagen, and LNs (Fig. 2 A) . Upon induction of differentiation, FLG 29.1 cells displayed an increased ability to attach to FN and VN, and acquired the capability to adhere to several LNs, mainly LN-8, and LN-10 isoforms (Fig. 2 A) . As expected, adhesion of OC-like FLG 29.1 cells to FN, LN-8, and LN-10, but not VN, was completely abrogated by an anti-␤ 1 integrin subunit-blocking mAb (Fig. 2 B) . Similarly, anti-␣ v ␤ 3 and anti-␣ 3-specific mAbs significantly inhibited cell attachment to VN and LN-10, respectively (Fig. 2 B) . OClike FLG 29.1 cells also bound tenaciously and in a dosedependent manner to surface-immobilized high M r HA, reaching 50% cell binding at coating concentrations as low as 15-20 g/ml HA (Fig. 3 A) . HA binding to OC-like cells was entirely mediated by CD44 because staining with FITC-HA was fully abrogated by an excess of the functionblocking anti-CD44 mAb, BRIC235 (Fig. 3 B) . Consistently, the same and other function-blocking anti-CD44 mAbs completely abolished adhesion of OC-like cells to immobilized HA, but not to FN substrates (Fig. 3, C and D) .
HA engagement of CD44 inhibits migration of OC-like FLG 29.1 cells toward purified ECM molecules Although preOC FLG 29.1 cells were totally unable to migrate toward all the various ECM substrates assayed (Fig. 4  A) , differentiated OC-like FLG 29.1 cells migrated toward FN-, VN-, LN-8-, and LN-10-coated membranes. A significant number of migrated cells were detected as early as 6 h, indicating an enhanced locomotion activity on differentiation (Fig. 4 A, top) . In agreement with the adhesive behavior and integrin expression pattern of OC-like FLG 29.1 cells, movement toward VN-and LN-10-coated membranes was mediated by the ␣ v ␤ 3 and ␣ 3 ␤ 1 integrins, respectively, as indicated by inhibition of migration upon exposure to specific function-blocking mAbs (unpublished data). Similarly, migration toward FN was presumably largely mediated by the ␣ 5 ␤ 1 integrin, because this movement was significantly hampered ( Ͼ 80%) by the addition of the anti-␤ 1 4B4 mAb (unpublished data). In contrast, despite the significant expression of CD44 (Fig. 1 B) and the strong adhesion to HA (Fig. 3) , OC-like FLG 29.1 cells completely failed to move toward HA-coated membranes at 6 and even at 20 h (Fig. 4  A) . The motility response to HA was unaffected by any putative chemotactic stimulus provided by conditioned media from the C433 stromal cell line, known to contain several OC-specific differentiation-inducing factors (Gattei et al., 1996) , or from NIH 3T3 fibroblasts (unpublished data).
To investigate the effects of HA on OC-like FLG 29.1 cell migration in response to other ECM substrates, we hypothesized that HA may actively participate in some regulatory aspects of OC-like cell motility. Thus, soluble HA was added during a standard migration assay toward various ECM substrates (Fig. 4 B) . In the presence of intact HA, the number of migrating cells on FN was found to be dose-dependently reduced at both 6 and 20 h (Fig. 4 B) . This phenomenon was clearly dependent on binding of HA to CD44 because the addition of the anti-CD44-blocking mAb (BRIC235) fully restored the migratory behavior of OC-like cells toward FN (Fig. 4 B) . A similar inhibitory effect of soluble HA on the migration of OC-like FLG 29.1 cells was also demonstrated when VN and LN-10 were used as substrates (unpublished data).
CD44 engagement does not affect adhesion of OC-like FLG 29.1 cells to ECM
Although mediated by a specific CD44-HA interaction, the inhibition of migration toward ECM substrates by soluble HA could depend on a mere steric blockade of the interaction between the ligand and its specific receptor. To address this issue, we investigated the relative adhesive strength of the cells to FN in the presence of HA. For this purpose, we performed centrifugal assay for fluorescence-based cell adhesion ble HA (Fig. 5 B) . Another possibility could be that the addition of soluble HA could affect, via an inside-out mechanism mediated by the cytoplasmic domain of CD44, the affinity/ avidity of integrin receptors for their cognate ligands. Thus, additional adhesion experiments were performed with OClike FLG 29.1 cells grown in the presence of soluble HA for 24 h and then assayed with CAFCA at different detachment forces (45 g , 180 g , and 400 g ) in the absence of HA. Again, no significant difference was noted when compared with control cells grown in the absence of HA (Fig. 5 C) . Consistently, the presence of soluble HA affected neither the expression levels of ␣ 5 ␤ 1 and ␣ v ␤ 1 integrins on OC-like FLG 29.1, as evaluated by flow cytometry (unpublished data), nor the morphology of cells attached to FN, nor the even cell membrane distribution of CD44 molecules (Fig. 5 D) .
MMP-9 is the major metalloproteinase involved in OC-like FLG 29.1 cell migration
MMPs represent indispensable factors for the regulation of specific OC functions, including migration to the bone surface (Blavier and Delaisse, 1995; Vu et al., 1998; Lee et al., 1999; Engsig et al., 2000) . Accordingly, consistent levels of MMP-9 ( M r ϭ 92 kD) were detected in conditioned media from fully differentiated OC-like FLG 29.1 cells (Fig. 6 A, lane 3), MMP-9 levels being further up-regulated by exposure to TNF-␣ (Fig. 6 A, lane 4) , a strong inducer of MMP-9 expression (Zhang et al., 1998) . On the contrary, although no MMP-9 was seen in preOC cell supernatants (Fig. 6 A, lane 1), a discrete MMP-9-related gelatinolytic activity was revealed on exposure of preOC cells to TNF-␣ (Fig. 6 A, lane 2). Other MMPs known to be expressed by OCs such as MMP-2 (M r ϭ 72 kD) and MMP-13 (M r ϭ 54/42 kD) were not expressed by FLG 29.1 cells both in zymograms (Fig. 6 A) and RT-PCR (unpublished data) . By comparing MMP-9 levels in cell medium and cell lysates of OC-like cells, MMP-9 released in the supernatant represented ‫%09ف‬ of the whole detectable amount of activity both in the presence and absence of TNF-␣ (Fig. 6 B, lanes 1 and 2) . However, in cell lysates, detectable amounts of active MMP-9 were demonstrable (Fig. 6 B, lane 3) , which significantly increased on exposure to TNF-␣ (Fig. 6 D, lane 4) .
To evaluate whether MMP-9 may be critical for the motility of OC-like FLG 29.1 cells, migration assays were performed in the presence or absence of an excess of MMP inhibitors. As shown in Fig. 7 A, the addition of the natural inhibitor of MMPs, TIMP-1, as well as of the synthetic inhibitor of MMP activity, GM6001 (Leppert et al., 1995) , almost fully abrogated cell migration toward FN-coated membranes. To formally demonstrate that MMP-9 was involved in migration of OC-like FLG 29.1 cells, we tested whether the inhibition of MMP-9 expression by antisense treatment could affect cell migration toward FN. On exposure to specific antisense oligonucleotides, the expression of MMP-9 mRNA, as investigated by real-time quantitative PCR, was dose-dependently reduced with a nearly full inhibition at 10 M (Fig. 7 B) . Accordingly, a consistent inhibition of cell migration was attained, reaching 75% reduction compared with control, when 10 M of antisense oligonucleotide was added (Fig. 7 C) . Expression of surface CD44 in OC-like cells exposed to antisense treatment, as evaluated by flow cytometry, was totally unaffected (unpublished data), thus excluding the possibility that the inhibitory effects on migration could result from a mere down-regulation of CD44. These experiments concordantly suggested that motility of OC-like FLG 29.1 cells was under the influence of MMPs, likely MMP-9.
HA engagement of CD44 affects MMP-9 expression OC-like FLG 29.1 cells grown for 24 h onto ECM substrates such as FN or VN did not change the levels of MMP-9 detected in their supernatants when compared with cells grown on tissue culture plastic (Fig. 8 A, lanes 1, 7, and 9 ). On the other hand, in the presence of soluble HA, a strong and dosedependent reduction of MMP-9 expression was observed ( Fig. 8 A, lanes 2-6) , reaching 85% in the presence of 1.0 mg/ml HA. Such inhibitory effect was maintained or even increased when cells were cultured on FN (Fig. 8 A, lane 8) or VN (Fig. 8 A, lane 10) substrates ‫%05ف(‬ reduction at 0.1 mg/ml HA). Consistently, immunoblotting of TCA-precipitated supernatants from OC-like cells grown in the presence of 1.0 mg/ml HA demonstrated a 70% reduction of MMP-9, as compared with control samples (Fig. 8 B) . The HA-dependent reduction of MMP-9 production in supernatants was confirmed in cytoplasms of OC-like cells also when the expression of MMP-9 was increased upon TNF-␣ stimulation (Fig. 8 C) . In accordance with these findings, significantly lower levels of MMP-9 transcripts were detected by real-time PCR in OC-like FLG 29.1 cells grown onto different substrates in the presence of soluble HA (Fig. 8 D) . This downregulation was rescued by treatment with the function-blocking anti-CD44 mAb BRIC235 (Fig. 8 D, lanes 3 and 6) . Taken together, these data concordantly suggest that the CD44-HA interaction was directly responsible for the inhibition of the MMP-9 synthesis. Conversely, engagement of CD44 with HA did not result in any change in the expression levels of the standard hemopoietic CD44 form both in OC-like cells (Fig. 8 E, lanes 2 and 3) and in OC-like cells exposed to TNF-␣ (Fig. 8 E, lanes 5 and 6) . Consistently, no cleaved extracellular CD44 could be detected in the corresponding cell supernatants (unpublished data). 
Discussion
The FLG 29.1 cell line had originally been proposed as a valid in vitro model of OC-like differentiation (Gattei et al., 1992) . Since then, additional experimental evidence has been accumulated to strengthen the close relationship between normal OC precursors and the OC-like FLG 29.1 cells, further validating the use of this cell system for investigating OCs differentiation/maturation and their functional activity (Gattei et al., 1992 (Gattei et al., , 1996 Fiorelli et al., 1994 Fiorelli et al., , 1995 . In the present study, by taking advantage of the FLG 29.1 cell system, we demonstrate a novel MMP-9-dependent mechanism of inhibition of cell migration along specific ECM substrates, which is conferred by engagement of HA to CD44, one of the major adhesion receptors expressed by OCs (Aruffo, 1996; Nakamura and Ozawa, 1996) .
Differentiation of FLG 29.1 cells into OC-like elements involved up-regulation of ␤1, ␣5, and ␣v integrin chains and de novo induction of ␣v␤3, ␤3, and ␣3 integrins. Consequently, adhesion of differentiated OC-like FLG 29.1 cells to specific ECM molecules, such as FN, VN, LN-8, and LN-10 were strongly up-regulated. Similarly, differentiation of FLG 29.1 cells was accompanied by a striking induction of CD44 expression, which conferred the capability to strongly adhere also to HA substrates. In accordance with their integrins profile, OC-like FLG 29.1 cells were able to migrate toward membranes coated with FN, VN, and LNs, but completely failed to move toward HA substrates. Given the high expression of CD44 molecules and the strong adhesion of OC-like cells to HA, the lack of migration toward HA was surprising. Moreover, soluble HA also strongly inhibited cell migration of OC-like FLG 29.1 cells toward other ECM substrates, such as FN, VN, and LN-10. This phenomenon was clearly dependent on the engagement of CD44 because the addition of specific anti-CD44 mAbs that blocked the interaction with HA fully restored the motility.
CD44 is expressed in many migratory and metastatic cells (Borland et al., 1998) , and has been reported to provide motility and locomotion on HA-coated substrates in vitro (Thomas et al., 1993; Okada et al., 1996; Trochon et al., 1996; Ladeda et al., 1998; Okamoto et al., 1999; Oliferenko et al., 2000; Kajita et al., 2001; Sohara et al., 2001 ). The present findings describe a novel and apparently opposite function for the CD44-HA pair, and raise the question of the putative mechanism(s) by which the CD44-HA in- teraction may impair migration of OC-like FLG 29.1 cells toward ECM substrates. HA was previously reported to inhibit macrophage migration in cross-linked fibrin gels also containing FN (Lanir et al., 1988) , although the underlying mechanism had not been elucidated. In this paper, we investigated the possibility that the CD44-HA interaction could prevent cell movement toward ECM ligands (a) by directly masking the substrates and thus hampering the access to their specific receptors, or (b) by modifying the affinity/avidity and/or the expression levels of specific integrin receptors. Several observations argue against these possibilities. First, soluble HA did not prevent cell adhesion onto FN, VN, and LN-10. Second, growing OC-like FLG 29.1 cells in the presence of an excess of HA before performing the CAFCA assay did not change the adhesion strength of specific integrin receptors via an inside-out mechanism. Consistently, the expression levels of specific integrins were not modified by pretreatment with soluble HA. In addition, the cytoplasmic domain of CD44, as expressed in FLG 29.1 cells, has the wild-type sequence (unpublished data), thus excluding the possibility that the lack of migration toward HA might depend on a mutated serine codon (Peck and Isacke, 1998) in this domain. Finally, OC-like FLG 29.1 cells expressed almost exclusively the hemopoietic form and very low amounts of larger isoforms, thus making it unlikely that the inhibitory effect exerted by in cell supernatants. Aliquots of the cell supernatant from control HT1080 or OC-like cells maintained for 24 h in the absence or in the presence of 1.0 mg/ml of HA were precipitated with TCA, resolved on an 8% SDS-PAGE after reduction with 2-␤-mercaptoethanol, transferred to nitrocellulose, and probed with polyclonal anti-MMP-9 or ␤-actin antibodies. (C) Expression of MMP-9 in OC-like cells maintained for 24 h in the absence or presence of 1.0 mg/ml HA as evaluated by specific pAbs and confocal laser microscopy. In the bottom panel, cells were also treated with 10 ng/ml TNF-␣. Bar, 50 m. (D) Modulation of MMP-9 transcripts as evaluated by quantitative real-time PCR. The cDNA prepared from OC-like cells grown on FN or LN-10 substrates in the presence of HA or HA plus anti-CD44 blocking mAbs was subjected to quantitative real-time PCR with primers specific for ␤2M and MMP-9. The levels of MMP-9 are expressed as MMP-9/␤2M ratios of the abundance of MMP-9 transcripts to that of ␤2M transcripts (MMP-9/␤2M) calculated as 2n, where n is the Ct value of ␤2M minus the Ct value of MMP-9 as obtained in two experiments. (E) Immunoblotting of CD44. Pre-OC or OC-like cells incubated with HA (1 mg/ml) or with HA and TNF-␣ (10 ng/ml) for 24 h were collected, lysed, resolved on an 8% SDS-PAGE, transferred to nitrocellulose, and probed with pAbs against CD44.
HA on cell migration could be due to the expression of atypical CD44 isoforms (Jiang et al., 2002) .
Once established that the unexpected lack of migration on HA and the HA-mediated inhibition of motility toward ECM components were not due to intrinsic deficits of CD44 nor to other effects on integrin expression and/or affinity/avidity, we hypothesized that HA might rather actively participate in some specific regulatory aspects of OC-like cell motility. Both cysteine proteinases and MMPs are essential factors in the regulation of specific OC functions, including migration to the bone surface and activation of bone resorption processes (Blavier and Delaisse, 1995; Vu et al., 1998; Lee et al., 1999; Engsig et al., 2000) . MMPs have been reported to play a role in OC migration through collagen in the periosteum (Sato et al., 1998) or within the developing marrow cavity of long bones (Blavier and Delaisse, 1995; Engsig et al., 2000) . On the other hand, MMP inhibitors do not seem to affect, or only marginally reduce, the resorptive activity of isolated OCs seeded onto slices of devitalized bone or dentine (Hill et al., 1994) . Conversely, cysteine proteinase inhibitors, although active on bone resorption, are unable to impair OC migration through collagen (Blavier and Delaisse, 1995; Sato et al., 1998; Lerner, 2000) . Thus, cysteine proteinases seem mainly involved in bone resorption processes, whereas MMPs are the proteinases more likely responsible for OC motility (Everts et al., 1999; Lerner, 2000) . In complete agreement with this notion, migration of OC-like FLG 29.1 cells toward various ECM components, including FN, VN, and LNs, was strongly dependent on MMP-9, a proteinase expressed by normal OCs (Tezuka et al., 1994; Okada et al., 1995) , and resulted in the major if not unique MMP detected in conditioned media and cell lysates of fully differentiated OC-like FLG 29.1 cells. Although MMP-9 was mainly released by OC-like cells in its proenzyme form, active MMP-9 protein was detected in OC-like cell lysates; these low amounts being significantly increased upon induction by TNF-␣ (Zhang et al., 1998) . Interestingly, OC-like FLG 29.1 cells express high levels of TNF-␣ mRNA, secrete discrete amounts of TNF-␣, and exogenous TNF-␣ has been shown to increase OC-like cell migration (unpublished data). Formal proof that MMP-9 is involved in OC-like FLG 29.1 cell migration was obtained by experiments with MMP inhibitors and MMP-9 antisense oligonucleotides, which specifically knocked out MMP-9 expression and greatly reduced migration of OC-like cells toward FN substrates without affecting CD44 expression. In full accordance with this scenario, the expression of MMP-9 was strikingly down-regulated both at mRNA and protein levels upon engagement of CD44 by soluble HA, suggesting that the CD44-HA interaction interfered with OC-like FLG 29.1 cell migration by inhibiting the expression and/or function of the promigratory proteinase MMP-9.
That MMPs act by promoting cell migration has often been associated with a direct cleavage of specific ECM components. In this context, MMP-2 has been thought to be responsible for the migration of carcinoma cells toward ECM substrates by degrading LN-5 (Giannelli et al., 1997) . In particular, because for cell migration to occur, ECM located at the migratory direction has to be degraded, membranebound MMPs seem to be optimally placed for pericellular proteolysis associated with cell motility (Nagase and Woessner, 1999; Seiki, 1999) . Among membrane-bound MMPs, MT-MMPs are directly tethered to the plasma membrane; soluble MMPs also may act as membrane-bound MMPs by using specific transmembrane receptor systems as docking molecules. In this regard, CD44 has been demonstrated to serve as a docking molecule to retain MMP-9 proteolytic activity at the cell surface (Yu et al., 1997; Bourguignon et al., 1998) . Interestingly, no evidence for other gelatinolytic activities in membrane extracts or for MT-MMPs mRNA expression were found in OC-like FLG 29.1 cells (unpublished observation). Therefore, it is also conceivable that in the FLG 29.1 cell system, migration via integrins toward ECM is dependent on MMP-9 either associated to CD44 molecules at the cell surface (Bourguignon et al., 1998; Yu and Stamenkovic, 1999) or released in tightly regulated pulses of very small amounts of activated enzyme, resulting in focalized matrix degradation (Espaza et al., 1999) . The notion that in OC-like FLG 29.1 cells CD44 and MMP-9 were both evenly distributed on cell membranes and cytoplasms, whereas the involved integrins are polarized (Martin et al., 2002) , does not argue against our interpretation of the data.
Cleavage of CD44 molecules can result either in promotion or impairment of cell migration (Espaza et al., 1999; Okamoto et al., 1999; Ahrens et al., 2001; Kajita et al., 2001 ). According to Kajita et al. (2001) , cleavage of CD44 may be required to detach cells from HA and promote their migration. However, in other cell systems, CD44 cleavage can impair cell migration by disrupting the migration promoting CD44-MMP-9 clusters (Espaza et al., 1999) or, through the production of soluble fragments acting as decoy receptors for HA, by reducing the number of HA molecules directly bound to cells (Ahrens et al., 2001 ). In addition, as shown for the first time by us in the OC-like FLG 29.1 model, impairment of cell migration may be independent from CD44 cleavage but rather dependent on HA engagement of CD44 followed by down-regulation of the promigratory MMP-9 proteinase. Cleavage of CD44, as reported by Kajita et al. (2001) , may promote cell migration also by rescuing cells from the inhibitory effect exerted by HA-CD44 interactions on cell migration through MMP-9 downregulation.
The recent finding that human metastatic breast cancer cells (Bourguignon et al., 2000) and murine epithelial cells activate GTP-binding proteins (Oliferenko et al., 2000) upon CD44 engagement through HA suggested that the status of these proteins may be important for cell migration (Bourguignon et al., 2000) . Whether GTP-binding proteins should similarly have a role in migrating OC-like cells remains to be investigated. However, it should be pointed out that because both integrins and CD44 are actively engaged at the same time, the migration system analyzed by us with OC-like cells is totally different from that studied in polarized epithelial cells (Bourguignon et al., 2000; Oliferenko et al., 2000) . In fact, epithelial cells were investigated while migrating either chemotactically toward soluble HA (Bourguignon et al., 2000) or after being locally stimulated by microinjections of HA (Oliferenko et al., 2000) , under experimental conditions in which only CD44 was engaged.
OC-like cells migrating toward ECM molecules are actively engaging cognate integrins as well as CD44, and the active integrin-dependent migration is counteracted by the addition of soluble HA and its binding to CD44.
After the generation of preOCs from hemopoietic progenitors (Roodman, 1996) , MMP-9 plays an important permissive role in facilitating OC invasion into primitive long bones of the marrow cavity (Blavier and Delaisse, 1995) ; a process that is down-regulated by MMP inhibitors (Sato et al., 1998) . In the OC-like FLG 29.1 model, migration was almost fully abrogated by TIMP-1 or GM6001, as well as by specific antisense oligonucleotides, indicating that MMP-9 plays a fundamental promigratory function and that this activity can be physiologically or pharmacologically modulated. Our results suggest a mechanistic framework for the observed association between engagement of CD44 by HA and negative regulation of migration processes, and implies that the regulation of pro-and antimigratory activity might be a mechanism also playing a role in OC activity in vivo. An attractive possibility is that other cells of the bone microenvironment, including osteoblasts and/or stromal or inflammatory cells (Roodman, 1996) may be stimulated to secrete HA by environmental cues or that stromal HA is released from ECM. Soluble high molecular mass HA binds then to CD44 and inhibits MMP-9 production. Such process would eventually help avoiding excess ECM degradation and prevent migration of OCs to nearby sites to perform additional bone degradation. This hypothesis is in accordance with the prevalent localization of CD44 on the microvilli of the basolateral plasma membrane of OC cells rather than in the area in direct contact with the bone surface (Nakamura and Ozawa, 1996) . The recent identification of a peptide inhibitor of HA-mediated leukocyte trafficking using phage display technology can provide a pharmacological reagent that might also result useful in balancing excessive bone resorption by inhibiting the interactions between HA and OC precursors, thus preventing their migration toward bone sites (Mummert et al., 2000) .
Materials and methods
Source and characteristics of antibodies and flow cytometry
Expression of various cell surface components was analyzed by single-color direct or indirect immunofluorescence by using mAbs recognizing the following: ␤1/CD29, ␣2/CD49b, ␣3/CD49c, ␣4/CD49d, ␣5/CD49e, ␣6/ CD49f, ␤2/CD18, ␤3/CD61 (Beckman Coulter/Immunotech S.A.), ␣9␤1 complex (CHEMICON International, Inc.), ␤4, and ␤7. These latter mAbs, as well as mAbs recognizing the standard CD44 isoform, were obtained through the "Adhesion Structures" panel of the Fifth International Workshop of Leukocyte Typing (Denning et al., 1995) . As second step reagents, isotype-matched control mAbs and phycoerythrin-conjugated F(ab') 2 fragments of goat anti-mouse Igs were purchased from Jackson ImmunoResearch Laboratories. Viable, antibody-labeled cells were identified according to their forward and side scatter, electronically gated, and assayed for surface fluorescence on a FACScan TM flow cytometer (Immunocytometry Systems, Becton Dickinson). In some instances, cells were labeled with FITC-conjugated HA and similarly analyzed. Function-blocking mAbs recognizing specific CD44 epitopes were from the Fifth International Workshop of Leukocyte Typing (Denning et al., 1995) , whereas anti-␤1 (clone 4B4) was from Coulter/Immunotech S.A., anti-␣1 (clone FB12), anti-␣3 (clone P1B5), anti␣v␤3 (clone LM 609), and anti-␣v␤5 (clone P1F6) were obtained from CHEMICON International, Inc., and anti-␣6 (clone GoH3) was provided by 
ECM molecule
FN was purchased from Calbiochem-Novabiochem. VN was purified from human plasma according to the procedure of Yatohgo et al. (1988) . Rat tail collagen type I was obtained from Collaborative Research Biochemicals. Native LN-1 nidogen complex from EHS mouse tumor, LN-5, and LN-8 were obtained as described previously (Spessotto et al., 2001) . LN-10 from human placenta was purchased from CHEMICON International, Inc. Several preparations of HA were purchased from Sigma-Aldrich (H1504, H1751, H7630, and H1876) and Calbiochem-Novachem (385902).
Cells and culture conditions
The human preOC cell line FLG 29.1 was maintained in Iscove's modified Dulbecco medium (IMDM; Seromed, Biochrom) supplemented with L-glutamine (Seromed) and 10% FBS (Seromed) at 37ЊC and 5% CO 2 , and induced into mature OC-like cells by treatment with 1.0 ϫ 10 Ϫ7 M 12-O-tetradecanoylphorbol-13-acetate (TPA; Sigma-Aldrich) for 72 h. Specific OC differentiation was determined by a number of morphological, immunochemical, and molecular features (Gattei et al., 1992 (Gattei et al., , 1996 Fiorelli et al., 1994 Fiorelli et al., , 1995 . In this paper, we refer to the uninduced FLG 29.1 cells as preOC and to the differentiated cells as OC-like cells.
Confocal laser scanning microscope
OC-like FLG 29.1, cultured in the presence or absence of 1 mg/ml HA, were (a) stimulated with 10 ng/ml TNF-␣ for 24 h and centrifuged onto ethanol-cleaned slides; or (b) allowed to adhere onto FN-coated slides. In both cases, slides were air dried and cells were fixed in PBS for 10 min at RT with 3.7% formaldehyde and then permeabilized with 0.1% Triton X-100 for 2 min. Slides were extensively washed with 0.1% BSA/PBS and blocked for 30 min with 2% BSA/PBS before application of antibodies. Incubation with both primary (anti-MMP-9 M-17 and anti-CD44 F-10-44-2) antibodies and secondary (matched FITC-conjugated anti-Ig; Jackson ImmunoResearch Laboratories) antibodies, diluted in 0.1% BSA/PBS (1:100) was performed for 1 h at RT in a moist chamber. Actin staining was performed using Texas red phalloidin (Molecular Probes, Inc.). Slides were then mounted in MOWIOL RT-PCR, Southern blotting, and nucleotide sequencing 1g total RNA, extracted from FLG 29.1 cells under different experimental conditions by the guanidium-thiocyanate method, was reverse-transcribed using avian myeloblastosis virus reverse transcriptase (Promega) for 1 h at 42ЊC in a 20-l mix containing 0.4 g hexadeoxyribonucleotides random primers. All cDNA preparations were checked for first-strand synthesis as described previously (Gattei et al., 1996) . 2 l of the cDNA preparations was amplified in a 50-l final volume containing 25 pmol of primers specific for ␣8 (sense, 5Ј-ACACCACCAACAACAGAAAGA-3Ј; antisense, 5Ј-AACTCCCCAGCAGCAACT-3Ј) and ␣9 (sense, 5Ј-TTCCAAATACAGCC-CTTCAGT-3Ј; antisense, 5Ј-AAATATAAACCTTGCCGATGC-3Ј) integrin chains in a thermal cycler (PTC200; MJ Research, Inc.). Amplification conditions were as follows: 35 cycles of 30 s at 94ЊC, 45 s at 62ЊC, 90 s at 72ЊC, and a final extension of 5 min at 72ЊC. For CD44 studies, we chose a common sense primer, located on exon 5 (5Ј-GCAGCACTTCAGGAGGT-TACA-3Ј), used in conjunction with different antisense primers annealing to exon 15 (5Ј-GGGTGGAATGTGTCTTGGTC-3Ј), exon 10/v6 (5Ј-TCTG-TTGCCAAACCACTGTTC-3Ј), or exon 12/v8 (5Ј-GCTGCGTTGTCAT-TGAAAGAG-3Ј). For all primer pairs, the PCR amplification protocol was a two-step procedure consisting of 3 min at 94ЊC followed by 35 cycles of 30 s at 94ЊC and 75 s at 68ЊC. For Southern blotting, 10 l of amplified cDNA was run on 1.5% agarose gel, blotted onto nylon membranes (Boehringer) and hybridized with 2 ϫ 10 6 cpm/ml of a common 32 P 5Ј-end-labeled oligoprobe recognizing specific sequences within the exon 5 of CD44 (5Ј-ATGGGAGTCAAGAAGGTGGAGCAA-3Ј). After washing to a final stringency of 0.2ϫ standard sodium cytrate-0.1ϫ SDS, filters were exposed for 1.5 h to XAR-5 film (Kodak) at Ϫ80ЊC. For MMP-9 detection, cDNAs were amplified with specific primers (sense, 5Ј-CACCATGAGCCTCTGGCAGC-3Ј; antisense, 5Ј-GCCCAGGGACCACAACTCGT-3Ј) along with SYBR ® Green PCR core reagents (Applied Biosystems) according to the manufacturer's protocol. The incorporation of the SYBR ® Green dye into the PCR products was monitored in real time with a sequence detection system (ABI PRISM 7700; Applied Biosystems), resulting in the calculation of threshold cycle (Ct value) that defines the PCR cycle number at which an exponential growth of PCR product begins. The Ct values for ␤2-microglobulin (␤2M) and MMP-9 were used to calculate the abundance of MMP-9 transcripts relative to that of ␤2M mRNA. The oligonucleotide primers for ␤2M cDNA HA-CD44 binding down-regulates cell movement | Spessotto et al. 1143 were as follows: sense, 5Ј-TCCAGCGTACTCCAAAGATTCA-3Ј; antisense, 5Ј-AGATTAACCACAACCATGCCTTACT-3Ј.
Antisense oligonucleotide treatment
An antisense oligodeoxyribonucleoside methylphosphonate probe targeted to the 5Ј-region of MMP-9 mRNA (from nucleotides Ϫ19 to ϩ4: 5Ј-CUC-AUGGUGAGGGCAGAGGUGUCU-3Ј) and a control scrambled oligonucleotide (5Ј-CUACGGGUAGGUGCGGAAUGGGUC-3Ј) were synthesized. PreOC cells were induced with TPA for 4 h, washed, and appropriate amounts (2-10 M) of oligonucleotides were added for 24 h in the presence of TPA. At the end of the incubation, an aliquot of the cells was solubilized, total RNA was extracted, and the expression of MMP-9 was evaluated by real-time PCR. Other cells were allowed to migrate toward FN-coated wells (see Fluorescence-assisted transmigration invasion and motility assay [FATIMA] ) for 24 h and the fraction of migrated cells was then evaluated.
Zymography and Western blotting
PreOC and OC-like FLG29.1 cells were washed, resuspended (10 6 cells/ ml) in IMDM, and incubated with 10 ng/ml TNF-␣ for 24 h at 37ЊC. The supernatants were collected, centrifuged at 15,000 rpm for 20 min at 4ЊC, and the cells were lysed in 1 ml Tris buffer containing 1% Triton X-100. Supernatants and cell lysates (150 l/well) were loaded onto SDS-acrylamide-gelatin gels (8% polyacrylamide, 0.1% gelatin). The gels were then washed twice for 30 min with 50 mM Tris-HCl, pH 7.4, containing 2.5% Triton X-100, incubated overnight at 37ЊC in 50 mM Tris-HCl, pH 7.4, containing 150 mM NaCl and 10 mM CaCl 2 , stained for 30 min with 30% methanol/10% acetic acid containing 0.5% Coomassie brilliant blue R-250, destained, and finally photographed.
Supernatants, precipitated with TCA, were subjected to electrophoresis on an 8% SDS-PAGE under reducing conditions and transferred to a nitrocellulose membrane. Membranes were incubated with rabbit anti-MMP-9 antibodies (AB805), and finally with peroxidase-labeled goat anti-rabbit antibodies (Zymed Laboratories) followed by enhanced chemiluminescence (ECL Plus; Amersham Biosciences). To visualize CD44, cell lysates obtained from preOC and OC-like cells exposed to HA and TNF-␣, were subjected to 8% SDS-PAGE and Western blotting with anti-CD44 pAbs.
CAFCA
The quantitative cell adhesion assay used in this study has been described extensively (Spessotto et al., 2000 (Spessotto et al., , 2001 . In brief, polyvinyl chloride 6-well plates, CAFCA strips (Whatman Inc.), were coated with ECM molecules. Cells were labeled with the vital fluorochrome calcein AM (Molecular Probes, Inc.) for 15 min at 37ЊC, and then aliquoted into the bottom CAFCA miniplates at a density of 20-50 ϫ 10 4 cells/ml. Cell adhesion to substrates was assayed in PBS containing 0.5% polyvinyl pyrrolidone (PVP 360; Sigma Chemical Co.), 1 mmol/liter MgCl 2 , 1 mmol/liter CaCl 2 , and 2% India ink as a fluorescence quencher. In some instances, cells were preincubated with function-blocking anti-integrin mAbs (1-10 g/ml) for 20 min at 37ЊC, and then plated onto the substrate. CAFCA miniplates were centrifuged at 142 g for 5 min at 37ЊC to synchronize the contact of the cells with the substrate, incubated for 20 min at 37ЊC, and mounted together with a similar CAFCA miniplate to create communicating chambers for subsequent reverse centrifugation (45 g). In some experiments, different detachment forces were applied to measure the strength of adhesion (from 45 g up to 400 g). The relative number of cells bound to the substrate and cells that fail to bind to the substrate were estimated by top/bottom fluorescence detection in a computer-interfaced microplate fluorometer (SPECTRAFluor Plus; Tecan), and fluorescence values were then elaborated.
Fluorescence-assisted transmigration invasion and motility assay (FATIMA)
Migration experiments involving haptotactic movement of the cells through a porous membrane were performed according to the FATIMA assay (Spessotto et al., 2000) . The procedure is based on the use of Transwell-like inserts, carrying a fluorescence-shielding porous PET membrane (polycarbonate-like material; 8-m pores) (HTS FluoroBlok TM inserts; Becton Dickinson) or Transwells (Corning Costar Corporation) in cases where there was an interest in examining the morphology of the migrated cells or counting the number of cells per field under the microscope. The underside of the insert membrane was coated with the various purified ECM molecules in bicarbonate buffer at 4ЊC overnight and blocked with 1% BSA for 1 h at RT. Cells were fluorescently tagged with a lipophilic dye (DiI; Molecular Probes, Inc.) at a final 5-g/ml concentration for 10-15 min at 37ЊC, resuspended in RPMI with 0.1% BSA, and aliquoted into the upper side of each insert unit (10 5 cells/insert), with and without blocking or unrelated control mAbs. In some cases, TIMP-1 (R & D Systems Europe Ltd.) and the MMP inhibitor GM6001 (CHEMICON International, Inc.) were added to the upper chamber. Conditioned medium from the giant cell tumor-derived stromal cell line C433 or NIH-3T3 cells was in some cases added to the lower chamber to generate chemotactic effects. The time-dependent migratory behavior of the cells was monitored by the SPECTRAFluor Plus microplate fluorometer from the top (nonmigrated cells) and bottom (migrated cells) side of the porous membrane. In some cases, migrated cells were counted under inverted microscopy (magnification of 20). Results are expressed as cells per field (minimum of 5-10 microscopy fields counted).
